In this paper, we conduct a quantitative study on the physical mechanism of electrons dynamics near the nanostructured metal film surfaces, as well as the efficiency of generated terahertz radiation associated with different types of nanostructures. The simulation results show that although the oscillating motion of emitted electrons outside the metal surface may affect the terahertz generation efficiency to some extent, this efficiency is predominantly determined by the electric field magnitude inside the metal film associated with nanostructure enhanced plasmonic excitations. Due to the field enhancement effect of the nanostructure, an appropriately designed nanostructured surface could greatly enhance the strength of generated terahertz signal via the increased nonlinear interactions between the light and the nanostructures.
I. INTRODUCTION
Terahertz wave radiation from nanostructured metallic surfaces was observed recently. 1 This phenomenon could be explained by the electron accelerations due to the ponderomotive potential associated with surface plasmon excitation. There are numerous applications in this spectral range, such as terahertz imaging, 2 spectroscopy, 3 and material characterization. 4 Terahertz emission can be produced based on different physical mechanisms. One such example is terahertz generation involving photoconductive antenna that relies on the excitation of carriers by laser pulse, which results in current surge and thus leads to the radiation of terahertz signals. 5 Another example is terahertz radiation from nonlinear crystals by optical rectification. 6 Other techniques have also been widely discovered and studied, such as terahertz emission through air plasma, 7 radiation from superconducting thin films, 8 and recently the terahertz generation from aligned molecules due to intramolecular microscopic charge transfer. 9 It has been known that some metal films ͑gold or silver͒ with particular nanostructured surfaces illuminated by femtosecond laser pulse can exhibit strong field enhancement due to the resonantly driven oscillation of collective electrons, which is known as surface plasmons ͑SPs͒. 10 The coupling from incident photons into SP waves causes a high confinement of electromagnetic energy to subwavelength spatial region, which creates field enhancement near the surfaces and thus introducing multiphoton photoelectric emission effect. Previous studies have indicated that surface with nanostructures could significantly contribute to the surface field enhancement and thus improve the multiphoton photoelectric effect. 11 Subsequently, we believe that this effect might also contribute to the enhancement of terahertz radiation. Although recent study and experiments have reported the observation of terahertz signal from metal grating due to SP excitation, 12 no other types of nanostructured surfaces have been studied and reported for the enhanced terahertz generation associated with SP excitation under a femtosecond laser stimulation. Furthermore, the relationship between terahertz radiation and the surface nanostructures has not been systematically and thoroughly studied yet. In this paper, a systematical study is conducted on the physical mechanism of terahertz generation in the nanostructured metal thin films, which can offer a valuable guide to maximize the terahertz generation. The physical mechanism behind this is strongly related to the multiphoton photoelectric effect. To further enhance terahertz signal strength and to better understand the mechanism of terahertz wave generation through the excitation of SP, we will quantitatively simulate and compare the strength of terahertz signal generated by different types of metal ͑gold͒ surfaces including flat film, grating, nanoparticles, nanoparticle rings, and pyramidshaped particles. We will also study how the near field enhancement and the subsequent multiphoton emission effect can be affected by each specific type of nanostructured surface. We will construct a theoretical physical model to describe the electron dynamics near metal film surfaces and the corresponding far field terahertz radiation. To validate this model, the results of the simulated terahertz radiation will be compared with the previously reported experimental results.
II. PHYSICAL MODEL OF TERAHERTZ RADIATION DUE TO THE SP EXCITATION ON NANOSTRUCTURED SURFACES
Photoemission process can happen either linearly or nonlinearly, which is decided by the choice of the wavelength of incident laser and the metal films' work function. The gold film, which is typically used to excite SP waves, has a work function of 5.3 eV, 14 while a typical Ti:sapphire laser used for terahertz generation through SP excitation has a wavelength around 800 nm, which corresponds to a photon energy of 1.5 eV. Therefore, the eighth-order multiphoton photoelectric effect might be responsible for terahertz radiation. Surface roughness of metal film could effectively lower the work function, 11 and thus the number of emitted oscillating electrons contributing to terahertz radiation will be larger than that on flat surfaces. We believe that the photoelectric emission effect, which determines the strength of terahertz radiation, is closely related to the strength of electric field inside the metal, and therefore it needs to be carefully investigated. We use the electric field inside a metal film as the relative measurement of the number of emitted electrons. Let the number of emitted electrons contributing to terahertz radiation be N͑t͒ ϰ ͓E͑t͔͒ n , where E͑t͒ is the time dependent electric field inside the metal film associated with the SP excitation. For flat surface gold film, previous study has shown the eighth-order photoelectric emission process, which indicates that n should be chosen as 8. 14 We assume that electrons emitted outside the metal surface are free electrons. This is because the collision frequency of electrons in vacuum is low, and the subsequent electron dynamics is governed by the electric and magnetic fields near the surfaces associated with the excitation of SP through Lorentz force equation. Moreover, in order to simplify our model, the interaction among electrons is ignored, this assumption is valid when the highest current density created by the laser source does not preponderate over the space charge saturation. 15 The complexity existing in our model is the fact that analytical solutions regarding the electromagnetic fields inside the metal and near the surfaces cannot be acquired. Instead, we have to numerically solve Maxwell's equations and the Lorentz force equation to obtain the fields and the electron dynamics.
First, we need to calculate the electromagnetic fields on both sides of metal surfaces with each specific type of nanostructure by solving Maxwell's equations and boundary conditions. After acquiring the electric and magnetic fields in association with the excitation of SP, electrons are situated close to the metal film surfaces representing the electron motions when subjected to the fields. Those electron dynamics are dominated by the Lorentz force equation
where E and H are the electric and magnetic fields, respectively, e / m is the ratio of charge to mass, and v is the electrons' velocity. By solving this equation, the acceleration and velocity of the electrons could be obtained at each point spatially and temporally.
Then we use Hertzian dipole antenna approximation to account for the radiated far field; the corresponding electric field can be described as
where J͑t͒ is the photocurrent density, which represents the convolution of optical intensity profile of the incident laser and of the impulse response of this SP excitation system and it can be written as
where indicates a convolution product; I laser ͑t͒ is the incident optical intensity profile; and N͑t͒, v͑t͒, and e are electron density, velocity, and electron charge, respectively. Here N͑t͒ ϰ ͓E͑t͔͒ n , n is chosen to be 8, 14 and E͑t͒ represents the electric field inside the metal film. Because of the fact that the electric field in this region plays an important role in pushing electrons out of the gold film and thus is related to the photoelectric emission effect. The product e · N͑t͒ · v͑t͒ denotes the impulse response of the SP excitation system, such as the response to delta-function-like optical pumping. The incident optical intensity profile is assumed to be Gaussian in this model. The electron density N͑t͒ is not identical spatially and temporally during the excitation, depending on the electric field intensity inside the metal. The nonlinear term N͑t͒ · v͑t͒ introduces the possibility for frequency mixing and plays a major role in the terahertz emission.
As for different nanostructures used in this paper, they all need to satisfy the conditions for the excitation of SP. We use the Kretschmann geometry for a flat gold film structure. In order to couple the incident light into SP waves, the incident angle and the wavelength need to be chosen to satisfy the optimum coupling equation
where k SP is the wave number of SP, and d and m are the permittivities of glass and gold, respectively. is the angular frequency of incident light and is the incident angle. For the other periodic structures, the following equations need to be satisfied for the coupling from the incident light to the SP waves:
where ⌬k p stems from any perturbation on the surfaces and is defined as ⌬k p =2 / ⌳, and ⌳ is the spatial period. In order to closely resemble the actual experimental situation, femtosecond laser pulses with a 100 fs pulse duration are used in our simulation, which impinges on the glass metal interface with a certain incident angle. The wavelength of the laser will be chosen to satisfy the resonance condition.
In order to make a clear comparison between each surface structure and in an attempt to find the optimum one to generate the strongest terahertz radiation, we vary the key parameters for each geometry: ͑a͒ For a flat gold film, the film thicknesses used are d = 20, 30, 40, and 50 nm, and the incident angle is set to be = 45°. ͑b͒ For metal gratings, a 30 nm layer of gold is deposited on the glass with grating constants of 400, 700, and 900 nm. The ridge of the grating is 10 nm high, and it has a 50% duty cycle. The incident angle is set to be = 45°. ͑c͒ For nanoparticle structures, we investigate both single nanoparticle and nanoparticle arrays. All nanoparticles are disk shaped with 150 nm in diameter and 14 nm in thickness. The nanoparticle arrays are square lattices of disks with periodic distances of 500, 550, and 600 nm, respectively. ͑d͒ For nanoparticle rings, in order to clearly compare the terahertz radiation by using this structure with that by using the structure of ͑c͒, the parameters chosen for this structure are the same as that in structure ͑c͒ with the only difference that each particle has a hollow core of 20 nm in diameter. ͑e͒ For pyramid-shaped particles, the height of the particle is 14 nm and the undersurface has a square area of 150ϫ 150 nm 2 . The particle arrays are also square lattices with periodic distances of 500, 550, and 600 nm, respectively. Normal incident angle is used for the structures of ͑c͒-͑e͒. The geometry and dimensions of these three nanostructures used to generate terahertz radiation are shown in Figs. 1͑a͒-1͑c͒ , respectively.
III. SIMULATION RESULTS AND DISCUSSIONS
For the flat gold film surface structures, Fig. 2͑a͒ illustrates the electric intensity inside the film as a function of wavelength for a fixed incident angle ͑ = 45°͒ for four different thicknesses of the film. By varying the wavelength of the laser source ͑from 600 to 1000 nm and the amplitude is normalized to 1͒, we find that as the gold film becomes thicker, the resonant field intensity increases and the resonance wavelength has a weak blueshift. The resonant wavelengths are 771, 763, 759, and 755 nm for the film thicknesses of 20, 30, 40, and 50 nm, respectively. From these results, we believe that the incident angle and light wavelength should both be optimized for each film thickness in order to satisfy the optimum coupling equation so that the electric field inside the metal, which is related to the photoelectric emission effect, can be greatly enhanced and thus the strongest terahertz radiation could occur. Note that Fig. 2͑a͒ was obtained with a fixed incidence angle ͑ = 45°͒, and therefore only the optimum wavelength was obtained for each film thickness. In order to better explain the optimum matching condition between the incident angle and wavelength, Fig. 2͑b͒ also shows the electric intensity spectrum for the incident angle = 50°. Clearly, the resonant wavelength is blueshifted for the larger incident angle. This can be explained by the optimum coupling equation, which shows that for each incident angle, the matching condition is satisfied for a single resonant wavelength, and also, the resonant wavelength decreases with increasing the incident angle. 
074302-3
Gao et al. J. Appl. Phys. 106, 074302 ͑2009͒ Figure 3͑a͒ shows the electric field intensity as a function of the position in the direction normal to the surface due to the excitation of SP ͓Fig. 3͑b͒ is another view of this effect͔. This surface field distribution follows E SP ͑x , t͒ = E laser ͑t͒exp͑−␣x͒, 14 where is the enhancement factor, E laser is the electric field of incident light, and ␣ indicates exponentially decayed electric field into vacuum along the direction normal to the surfaces. The electric intensity on the left hand side of the metal vacuum interface ͑x Ͻ 0͒, which indicates the field inside a metal film, is negligibly small compared with the field in the vacuum region near the surfaces. However, this does not mean the electric intensity inside the metal film is zero. Due to the importance of the electric field inside the metal, which significantly affects the photoelectric emission effect and thus the strength of terahertz radiation, we need to focus our attention in this region and investigate the field intensity in detail. Based on the zoomed-in view shown in Fig. 4 , we find that the electric intensity inside the metal film gradually increases with the position x until x = −1 nm. An abrupt increase in the field intensity happens between x = −1 and x = 0. We believe that the electrons situated in this narrow region ͓x ͑−1,0͔͒ provide the most important contribution to photoelectric emission effect due to the fact that they are subjected to a much stronger electric field that can easily push electrons out of the metal film. However, if the incident angle does not match the optical signal wavelength to satisfy the optimum coupling condition, the efficiency of coupling from the incident photons to the SP waves can be very low, and the incident light will be mostly reflected back to the prism, which can be seen from Figs. 5͑a͒ and 5͑b͒. This observation verifies that the optimum coupling condition from the incident photons to the SP waves depends both on the incidence angle and the opti- 
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Gao et al. J. Appl. Phys. 106, 074302 ͑2009͒ tion is not satisfied, which will significantly reduce the efficiency of photoelectric emission and thus producing much weaker terahertz radiation. Figure 7 shows the spectrum of far field terahertz radiation created by films with various thicknesses. The largest peak value is ϳ11ϫ 10 4 by using a 40 nm thick gold film. However, according to Fig. 4 , the largest electric field inside the metal film is created by using the film with a thickness of 50 nm; this would imply that the strongest terahertz signal should be generated when the film thickness was 50 nm. This inconsistency may be explained by the following: The radiated terahertz signal strength is affected not only by the electric field inside the metal film but also by the velocity of electrons, which is proportional to the ponderomotive force when electrons are pushed out of the surface and the fields near the surface. It is important to note that the peak values shown in Fig. 7 only provide relative strengths instead of absolute values. This is because we use two proportional relationships N͑t͒ ϰ ͓E͑t͔͒ n and E THz ͑t͒ ϰ ‫ץ‬J͑t͒ / ‫ץ‬t instead of exact equations. However, this is sufficient for the purpose of comparing terahertz generation efficiencies using different surface nanostructures.
As for grating nanostructures on the metal surface, we simulated terahertz radiation efficiencies using grating constants of 400, 700, and 900 nm, respectively. Figure 8 illustrates the electric field intensity, which is indicated by the density of lines, near the surfaces associated with the excitation of SP. Other parameters of the grating are as follows: The duty cycle is 50%, the depth is 10 nm, and the thicknesses of shallow and ridge portions are 30 and 40 nm, respectively. Field enhancement effect near the surface is obvious in this figure, and the field intensity near the corner of the ridges in each grating period is the strongest due to the point discharge effect. Therefore it is fair to assume that photoelectric emission can happen more easily for electrons located in this region, and consequently these electrons have more important contributions to the terahertz generation. Figure 9 shows the emitted terahertz spectral densities using grating structure with different grating constants. This simulated terahertz emission is consistent with the experimental result of Fig. 3 in Ref. 12 . Also, Comparing Fig. 9 with Fig.  7 , it is evident that the grating structure on the surface enhances terahertz generation by approximately three times. Note that, in the calculation, the film thickness under the grating is 30 nm. Also, for Fig. 9 , the emitted terahertz signal is measured in the far field by using Eq. ͑2͒, and for Fig. 8 , the electric field is calculated near the grating surface. This enhanced efficiency is attributed to the stronger internal electric field, which causes more electrons to be pushed out of the surface and thus contributing to terahertz radiation. This might explain why it has been difficult to observe terahertz signal experimentally by using flat film surfaces.
To investigate the possibility of further terahertz emis- sion enhancement by employing nanostructured surface, several types of nanostructured surfaces are selected for simulation. The following parameters are used in simulating the nanoparticle structured surface: Nanoparticles have a disk shape with 150 nm in diameter and 14 nm in thickness. The nanoparticle arrays are square lattices of disks. Also, different periods, 500, 550, and 600 nm, are employed during the simulation. Normal incident angle is used for the excitation. Figure 10 shows the calculated resonance wavelength spectrum for several different surface lattice structures. In comparison with Fig. 2 , the dramatic difference in this structure is that the field intensity at the resonance wavelength becomes much more pronounced than the flat films. It also indicates that lattice structured nanoparticle array on the metal surface may significantly enhance the terahertz field intensity in comparison to that with a single nanoparticle. Figure 11 illustrates the variation of the electric field intensity along the direction normal to the metal surfaces, which shows a secondary peak corresponding to the surface position of nanoparticles. Although the field enhancement near nanoparticle surfaces is similar to that in a flat gold film ͑the field intensities for both cases are on the order of 10 4 ͒, the pronounced distinction between the flat surface and the one with nanoparticles is that the electric field intensity inside the metal is roughly two orders of magnitude higher when nanoparticles are introduced on the surface. It is the dramatically increased electric field intensity inside the metal that pushes much more electrons out of the metal surface and thus producing much stronger terahertz radiation. We believe that this enhanced field intensity inside the metal film with nanostructured surfaces is due to the strong constructive interference of the electric field between particles. Figure 12 shows the calculated electric field intensity distribution near the surfaces outside the metal film ͑measured 15 nm from the surface͒, which is indicated by the density of lines. The field distribution appears highly localized with the decay distance in the order of several tens of nanometers. This high confinement of energy could be another reason to explain the strong electric field inside the metal. Figure 13 shows the far field terahertz radiation spectrum from surfaces with nanoparticle structures. This simulated terahertz radiation is in good agreement with the experimental result of Fig. 3͑b͒ in Ref. 13 . The largest peak value in this figure is approximately ϳ15ϫ 10 6 , which is more than two orders of magnitude higher than that produced from a flat film, and about 40 times higher than the one from a surface with a grating structure.
Furthermore, in order to get stronger terahertz radiation, some other surface structures, such as nanoparticle rings and pyramid-shaped particles, are also investigated here. Figures  14 and 15 depict the calculated terahertz emission spectrum by using these two kinds of nanostructures. The results indicate that terahertz radiation strength could be more enhanced by using nanoparticle rings to a peak value of ϳ16ϫ 10 7 , which is even one order higher than the nanoparticle arrays, while this strength drops greatly by using pyramid-shaped particles. This dramatic difference indicates that terahertz generation efficiency could be affected by the shape of the particles composing the surface structure. The anticipated underlying reason is the great difference of electric field magnitude inside the metal for different types of nanostructures, which governs the photoelectric emission effect and thus the strength of terahertz radiation. In the future, we will make a thorough investigation on the enhancement mechanism for each type of nanostructure and try more surface nanostructures and identify the optimum nanostructure so that terahertz generation efficiency can be further improved.
Through the analysis of terahertz generation on metal films with five different surface structures, the mechanism becomes clear: Although the electron velocity outside the metal surface may affect the terahertz generation efficiency to some extent as indicated by Fig. 7 , this efficiency is predominantly determined by the electric field magnitude inside the metal film. The evidence of the enhanced terahertz signal intensity on metal film surfaces with nanostructures provided by our analysis may open the possibility of creating higher efficiency terahertz sources and sensors with nanoengineered metal surfaces.
IV. CONCLUSION
We have developed a SP based photoemission model for systematic investigation of terahertz radiation from nanostructured metal films. The electric field intensities both inside and outside the metal were investigated in the vicinity of the surface since the fields in both of these two regions played important roles in the terahertz generation. Theoretically speaking, the number of emitted electrons contributing to terahertz generation was determined by electric field inside the metal, whereas the quivering motions of electrons after they were pushed out of metal were governed by the electromagnetic field immediately outside the surface. Thus, an artificial nanostructure on the metallic surface may play an important role for photoelectric emission and thus affect the strength of the radiated terahertz signal. The study presented in this paper not only provides an effective tool for analyzing the SP based terahertz generation, but also offers a useful guidance on how to generate stronger terahertz signal by optimizing the nanostructures of the metal surfaces. 15 . ͑Color online͒ Terahertz radiation in the far field for pyramidshaped particle structures ͑single particle, d = 500, 550, and 600 nm͒.
